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Abstract. The sensitivity of the climate impact of
Mt.Pinatuboeruptioninthetropicsandextratropicstodiffer-
ent QBO phases is investigated. Mt. Pinatubo erupted in June
1991 during the easterly phase of the QBO at 30hPa and the
phase change to westerly took place in August 1992. Here,
the consequences are analyzed if the QBO phase had been
in the opposite phase during the eruption of Mt. Pinatubo.
Hence, in this study, simulations are carried out using the
middle atmosphere conﬁguration of ECHAM5 general cir-
culation model for two cases – one with the observed QBO
phase and the other with the opposite QBO phase. The re-
sponse of temperature and geopotential height in the lower
stratosphere is evaluated for the following cases – (1) when
only the effects of the QBO are included and (2) when the
effects of aerosols, QBO and SSTs (combined response) are
included. The tropical QBO signature in the lower strato-
spheric temperature is well captured in the pure QBO re-
sponses and in the combined (aerosol+ocean+QBO) re-
sponses. The response of the extratropical atmosphere to
the QBO during the second winter after the eruption is cap-
tured realistically in the case of the combined forcing show-
ing a strengthening of the polar vortex when the QBO is in its
westerly phase and a warm, weak polar vortex in the easterly
QBO phase. The vortex is disturbed during the ﬁrst winter ir-
respective of the QBO phases in the combined responses and
this may be due to the strong inﬂuences of El Ni˜ no during the
ﬁrst winters after eruption. However, the pure QBO exper-
iments do not realistically reproduce a strengthening of the
polar vortex in the westerly QBO phase, even though below
normaltemperaturesinthehighlatitudesareseeninOctober-
November-December months when the opposite QBO phase
isprescribedinsteadoftheDecember-January-Februarywin-
ter months used here for averaging.
Correspondence to: M. A. Thomas
(manu.thomas@zmaw.de)
1 Introduction
The quasi-biennial oscillation (QBO) in the zonal winds in
the equatorial lower stratosphere is a well known mode of
interannual variability. The zonally symmetric easterly and
westerly wind regimes alternate regularly with a mean period
of 28–29 months. The alternating wind regimes develop in
the upper stratosphere near 3hPa and propagate downward
at an approximate rate of 1km/month to the tropopause. The
amplitude of the easterly phase is stronger than the westerly
phase. The easterly zonal winds can reach as high as 35–
40m/s, whereas the westerly zonal winds reach 15–20m/s.
The driving force for the QBO is the vertical transfer of
momentum from the troposphere to stratosphere by a broad
spectrum of vertically propagating waves including Kelvin
and Rossby-Gravity waves (refer Baldwin et al., 2001 for de-
tails). There is considerable variability of the QBO in period
and amplitude.
The extratropical winter stratosphere is strongly modu-
lated by vertically propagating planetary Rossby waves that
are forced by the land sea contrasts and surface topography.
The NH has a greater land sea contrast and mountain ranges
compared to the SH, thus resulting in an increased ampli-
tude of these waves. These large amplitude waves can dis-
turb the northern polar vortex. Observational analyses have
shown that the polar vortex in the NH is highly interannu-
ally variable and to some extend, controlled by the phase of
the QBO in the tropical stratosphere. Holton and Tan (1980,
1982) were the ﬁrst who pointed out from observations that
the polar vortex tends to be stronger when the QBO is in its
westerly phase and tends to be weaker in the easterly QBO
phase. For this, Holton and Tan (1980) deﬁned the QBO
phase using the equatorial winds at 50hPa level. Other stud-
ies (Wallace et al., 1993; Baldwin and Dunkerton, 1998a)
used the ﬁrst two empirical orthogonal functions of the ver-
tical variations of the equatorial winds, which is similar to
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the 40hPa equatorial wind for the NH composites and this
analysis is considered to be more robust and even provides a
quantitative measure of the Holton-Tan effect.
The effect of the QBO on the NH polar vortex was in-
vestigated in several numerical experiments. O’Sullivan and
Young (1992) and O’Sullivan and Dunkerton (1994) using a
global 3-D mechanistic model forced with a wave-1 pertur-
bation showed the polar vortex being stronger in December-
January-February months when the tropical winds were
westerly. Hamilton (1998) reproduced the Holton-Tan ef-
fect making use of a general circulation model run for a con-
tinuous 48-year period with a time varying tropical momen-
tum forcing that produced a 27-month QBO in the equatorial
zonal wind with realistic QBO features. Niwano and Taka-
hashi (1998) investigated this feature using their model that
spontaneously produces a QBO-like oscillation in the tropics
with a period of about 1.4 years and revealed that the NH po-
larvortexwasweakerin theeasterlyQBOphasebasedonthe
January–March composites of the equatorial wind averaged
between 7 and 50hPa. Calvo et al. (2007) using the mid-
dle atmosphere version of ECHAM5, which has an internally
generated QBO pointed out a signiﬁcantly warm polar vortex
in the easterly QBO phase in January–February months and
a cold, strong polar vortex in the westerly QBO phase in the
December–January months. Discrepancies were observed in
the intensityand the timingwhen compared withthe ERA-40
composites. Stenchikov et al. (2004) used the SKYHI model
with a realistic QBO to investigate the effects of the aerosols
in the stratosphere on the dynamics of the polar vortex in
the context of the volcanic eruption of Mt. Pinatubo. The
analysis of the December-January-February averaged 50hPa
geopotential anomalies showed a weakening of the vortex
when the QBO is in the easterly phase and an intensiﬁca-
tion in the westerly QBO phase due to the effects of both
QBO and aerosols. Hence, in general, most of the modeling
studies show a tendency towards simulating a stronger polar
vortex in the westerly QBO phase.
The QBO plays an important role in the distribution of
aerosols and chemical constituents like ozone, water vapor
and methane in the tropics (Trepte and Hitchman, 1992;
Trepte et al., 1993; Baldwin et al., 2001). The QBO’s sec-
ondary meridional circulation (SMC) which is superimposed
upon the Brewer Dobson Circulation consists of an increase
of the upwelling in the easterly shear phase and a suppres-
sion of the upwelling in the westerly phase (Plumb and Bell,
1982). Divergence of the SMC occurs in the easterly jet,
above the easterly shear and below the westerly shear, and
convergence occurs in the westerly jet. Hence during the
QBO’s westerly shear the low-altitude (15–22km) aerosols
and trace gases tend to be spread poleward, while during
the QBO’s easterly shear, the lower stratospheric trace gases
and aerosols remain near the equator (Punge and Giorgetta,
2008; Schoeberl et al., 2008). The QBO also affects the win-
ter stratospheric temperatures depending on the ENSO phase
(Garﬁnkel and Hartmann, 2007; Labitzke, 1987; Labitzke
and Van Loon, 1988), for example, our model simulations
with observed SSTs and QBO show that when ENSO is in
its warm state, the inﬂuence of QBO is reduced (Thomas et
al., 2009).
Most GCMs are not able to simulate a spontaneous QBO.
But, in the recent years, attempts have been made to include
QBO forcing in GCMs either by assimilating the observed
zonal winds at Singapore to the model winds or by consid-
ering a sufﬁcient spatial resolution, a realistic simulation of
tropical convection and the consideration of the effects of
gravity waves (Hamilton, 1998; Untch, 1998; Bruhwiler and
Hamilton, 1999; Scaife et al., 2000; Giorgetta et al., 2002,
2006; Stenchikov et al., 2004).
Here, the sensitivity of the effect of large volcanic erup-
tions on the high latitude circulation to the QBO phase is
evaluated. The main focus is to see whether the responses
of temperature and extratropical circulation, as captured by
geopotential height changes, to the radiative forcing caused
by the Mt. Pinatubo eruption are modulated by the phase of
the QBO and ENSO. For this study, the middle atmosphere
version of ECHAM5 is modiﬁed to include the QBO forc-
ing by nudging the zonal mean zonal winds in the tropics
to the prevailing zonal wind observations at Singapore fol-
lowing Giorgetta and Bengtsson (1999). Hence, this paper
examines the climate impact of the Mt. Pinatubo eruption if
it had erupted during an approximately opposite QBO phase.
Mt. Pinatubo erupted on 15 June 1991 during the easterly
phase of the QBO at 30hPa and the change to the westerly
phase took place in August 1992 at 30hPa and remained in
the same phase till May 1993. We investigate the impacts
in 30hPa zonal mean temperature and 30hPa geopotential
height.
The response for individual or combined forcings, includ-
ing volcanic aerosols and ozone anomalies, observed SSTs
and the QBO in both the observed and opposite phases are
discussed in detail in the following sections.
2 Model, datasets used and experimental set up
Boththevolcanicaerosolforcingdataandtheozoneanomaly
data were compiled by Stenchikov et al. (2002) from satellite
observations after Mt. Pinatubo eruption and are used in this
study for the speciﬁc model resolution. Further information
is described in Thomas et al. (2009).
Simulations are carried out for a 2-year period from June
1991 to May 1993 with the middle atmosphere conﬁgura-
tion of ECHAM5 (Special section “Climate models at the
Max Planck Institute for Meteorology” in Journal of Climate,
2006, 19, Issue-16, 3769–3987) at T42 horizontal resolu-
tion and 39 vertical layers resolving the atmosphere up to
0.01hPa (Manzini et al., 2006). Both the volcanic aerosol
forcing data and the ozone anomaly data were compiled by
Stenchikov et al. (2002) and are used in this study for the
speciﬁc model resolution.
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For the runs including the QBO, a spin up of 17 months
is carried out with the observed/opposite QBO phase under
climatological SST as boundary conditions. Ten ensemble
runs are carried out with different initial conditions. The ini-
tial conditions are chosen arbitrarily from the 15 year un-
perturbed run (excluding the volcanic aerosol forcing and
volcanically induced ozone anomalies) under climatologi-
cal SST as boundary conditions. In order to include the
QBO forcing in this study, the zonal winds in the tropics
are nudged towards the zonal wind observations at Singa-
pore (Giorgetta and Bengtsson, 1999). The nudging is ap-
plied uniformly in a core domain and extends with decreas-
ing nudging rate to the boundary of the domain. The latitu-
dinal core domain speciﬁed for the study here is 7N–7S and
the domain boundary is 10N–10S. In the vertical, the core
domain extends over the levels from 70hPa to 10hPa. The
nudging rate is (10 days)−1. This means that the nudging in-
terferes with the dynamics in this well deﬁned domain only
on time scales of 10 days and longer.
As mentioned before, there is signiﬁcant variability of
the QBO in period and amplitude. To extract the QBO-
related zonal winds that are opposite of that occurring during
the Pinatubo eruption, the correlation co-efﬁcient is calcu-
lated between the 50hPa zonal mean zonal winds at Singa-
pore for the years 1953–2004 and the 50hPa zonal winds of
1991/1993. The main reason for following this approach in-
stead of changing the sign of the 1991/1993 QBO phases is
mainly because the amplitudes and rate of downward prop-
agation of the easterly and westerly phases of the QBO are
not identical. The correlation co-efﬁcient is calculated us-
ing a sliding window of 24 months of the 1991/1993 period
over the observed Singapore winds over the period of 1953–
2004. The time period of maximum negative correlation co-
efﬁcient is chosen as the opposite QBO phase (hereafter re-
ferred to as QBO) and in this case, the best anti-correlated
years (correlation coefﬁcient is −0.86) are from June 1975 –
May 1977. The zonal winds from observations at Singapore
for the period June 1991 – May 1993 and for the period June
1975 – May 1977 are presented in Fig. 1. The easterly winds
are denoted by negative values (blue shades) and westerly
winds, by positive values (yellow shades). It can be seen that
the amplitudes of the westerly and easterly winds are compa-
rable in both cases. The phase change at 30hPa takes place
in month 14 after June 1991 (around August 1992) and in
QBO, this phase change occurs in month 11 after June 1975
(around mid May 1976). The zonal mean zonal winds of
opposite sign for the period 1991/1993 are well represented
by the period 1975/1977. Since each of the QBO cycle is
unique, this is the best correlation possible within the avail-
able record.
Simulations with the prescribed volcanic aerosols and vol-
canically induced ozone anomalies (hereafter, referred to
as perturbed runs) are carried out with observed SST and
with the observed/opposite QBO phases as boundary con-
ditions. The individual QBO responses are labelled by QBO
Fig. 1. Monthly averaged observed zonal mean zonal wind (m/s)
at Singapore for (a) June 1975 – May 1977 and (b) June 1991 –
May 1993. Negative values are shaded in colors of blue and are
easterlies and the positive values are shaded in colors of yellow and
are the westerlies. The contour interval is 5m/s.
when the observed QBO phase is prescribed and by QBO
when the opposite QBO phase is prescribed. These re-
sponses are calculated as a difference of the unperturbed
QBO run (QBO run) with climatological SST as boundary
conditions, denoted by Qu (Qu) from the control climatolog-
ical run, Cu (unperturbed run). The responses to the com-
bined aerosol+ocean+QBO forcing are denoted by AOQ
for the observed QBO phase and by AOQ for the opposite
QBO phase. These responses are calculated as the differ-
ence between the combined AOQ/AOQ experiment and the
unperturbed run with climatological SST (Cu) as boundary
conditions.
Two 20 year model simulations with climatological SST
as boundary conditions, including and excluding a QBO
are referenced in this paper from the study by Punge and
Giorgetta (2008). These simulations were carried out with
the chemistry climate model, MAECHAM4-CHEM. The
MAECHAM4-CHEM consists of the middle atmosphere
version of the ECHAM4 climate model (Manzini and Mc-
Farlane, 1998; Roeckner et al., 1996) and the interactively
coupled chemistry model, CHEM (Steil et al., 1998; Manzini
et al., 2003).
3 Results and discussion
The ﬁrst part of this section discusses the responses in tem-
perature and geopotential height at 30hPa to the QBO phases
alone. The second part discusses the dynamical responses to
the combined forcing by volcanic aerosols, El Ni˜ no and dif-
ferent QBO phases.
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Fig. 2. Zonally averaged lower stratospheric temperature anomalies
(K) at 30hPa for two years following the eruption when (a) QBO
is in the opposite shear (b) QBO is in the observed shear and (c)
the climatolgical mean of the net QBO effect in zonal mean 30hPa
temperature (Punge and Giorgetta, 2008). The latitudinal extent is
shown in the y-axis and is from 90S–90N. The anomalies in (a)
and (b) are signiﬁcant at >95% conﬁdence level between 30N and
30S (not shown) and the winter anomaly north of 60N of October-
November-December1991 in (a) is also signiﬁcant at >90% conﬁ-
dence level.
3.1 Response of temperature and geopotential height at
30hPa to pure QBO forcing
3.1.1 Lower stratospheric temperature response at
30hPa
The pure stratospheric temperature response to the two QBO
phases at 30hPa, namely one for the phase change from
easterly to westerly (QBO) and the other from westerly to
easterly (QBO) is investigated. Figure 2 shows the lower
stratospheric temperature response to (a) QBO and to (b)
the observed QBO phase. The anomalies are signiﬁcant at
>95% level between 30N and 30S (not shown). A cool-
ing of about 1–2K is simulated in the latitudinal belt from
10N–10S from June 1991 – April 1992 in Fig. 2b and from
January 1992 – May 1993 in Fig. 2a during the easterly
QBO shear and positive anomalies are evident in the mid
latitudes. Whereas positive temperature anomalies are evi-
dent along the equator and negative anomalies over the sub-
tropics during the westerly shear of QBO. The opposite tem-
perature signals in the subtropics are the result of the com-
pensating branches of the secondary circulation of the QBO.
This feature is consistent with previous studies by Baldwin
et al. (2001). However, the temperature response associated
with the westerly phase of the QBO in Fig. 2a, b is com-
paratively weaker. This asymmetry between strong cold and
weak positive equatorial temperature anomalies at 30hPa re-
sults from the bias in climatological temperature of the ref-
erence simulation Cu, which does not include the QBO and
therefore misses the long term net effects of the QBO (Punge
and Giorgetta, 2008). The climatological mean differences in
the annual cycle of lower stratospheric temperature at 30hPa
between two 20 year model simulations including and ex-
cluding the QBO are shown in Fig. 2c. It can be clearly seen
that the stratospheric temperature climatology at 30hPa in
the tropics is colder by up to −1.5K in the model including
the QBO than in the model excluding the QBO (Punge and
Giorgetta, 2008). This explains why the positive temperature
anomalies with respect to the control simulation, Cu exclud-
ing the QBO, as shown in Fig. 2a and b, are weaker than the
observed positive temperature anomalies with respect to the
observed climatology, which includes the QBO.
Below normal temperature anomalies are noticeable in the
pure QBO response during the westerly phase of the QBO
in Northern Hemisphere (NH) winter during the months of
October-November-December in the polar latitudes as in
Fig. 2a and during November–December as in Fig. 2b. How-
ever, the anomalies are statistically signiﬁcant at 90% level
(not shown) in pure QBO and are weak and insigniﬁcant in
the pure QBO experiment. This cooling may be associated
with the strengthening of the polar vortex. Though a warm
and weak polar vortex corresponding to the positive temper-
ature anomalies is seen during the easterly QBO phases, the
anomalies are not signiﬁcant.
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Fig. 3. Geopotential height anomalies (m) at 30hPa for (a) QBO: DJF 1991/1992 (b) QBO: DJF 1992/1993, when the opposite QBO phase
is prescribed; and for (c) QBO: DJF 1991/1992 and (d) QBO: DJF 1992/1993, when the observed QBO phase is prescribed. The shading
denotes two levels (95% and 90%) of statistical signiﬁcance in the order of lighter shading. Contours are at 20m intervals until 100m and
then the intervals are at 40m. A 5m contour is added in the ﬁgures. The projection spans from 10N to 90N latitudinally.
3.1.2 30hPa geopotential height response in
boreal winter
Studies by Holton and Tan (1980, 1982) show that signif-
icantly lower geopotential heights are evident in the north-
ern high latitudes in winter during the westerly QBO phase
than during the easterly phase. The anomalies in the 30hPa
geopotential height in response to the QBO phase are pre-
sented in Fig. 3a, b for the two boreal winters of 1991/1992
and 1992/1993. In Fig. 3a, the QBO is in its westerly phase
at 30hPa and in Fig. 3b, the QBO is in its easterly phase. It is
evident that irrespective of the QBO phase, the model simu-
lates negative geopotential height anomalies (up to −100m)
over northern North America and parts of Greenland in the
ﬁrst winter and over parts of northern North America, Green-
land and northern Atlantic in the second winter. However,
in these cases it is difﬁcult to decide whether the vortex is
stronger or not. Above normal geopotential heights (up to
100m) are evident over northern Eurasia in the ﬁrst winter
and comparatively weaker positive anomalies over Siberia
in the second winter when the opposite QBO phase is pre-
scribed.
For comparison, the anomalies with the observed QBO
phase are shown in Fig. 3c, d. Here, the QBO is in its
easterly phase in the winter of 1991/1992 and in westerly
phase in 1992/1993. The model simulates an anomalously
statistically signiﬁcant weak vortex (up to 220m) during the
easterly QBO phase in consistent with previous studies, but
the anomalies are much weaker and insigniﬁcant during the
westerly QBO phase.
As mentioned in the introduction, previous studies have
shown that the vortex is strong and cold during the westerly
QBO phase and warm and weak during the easterly QBO
phase. The model simulates an anomalously warm vortex as
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Fig. 4. Zonally averaged lower stratospheric temperature anomalies
(K) at 30hPa for two years following Mt. Pinatubo eruption for (a)
AOQ with the opposite QBO phase and (b) AOQ experiment with
observed QBO phase. The QBO phases encountered during (a) and
(b) are shown by the colored lines. The anomalies within the 1K
contour interval in the latitudinal band of 60N and 60S is statisti-
cally signiﬁcant at >95% conﬁdence level (not shown). The winter
anomalies north of 60N are also signiﬁcant at >90% conﬁdence
level for NDJFM of 1991/1992 and DJFM of 1992/1993 in (a) and
for JFM of 1992 in (b).
in Fig. 3c, whereas this is not the case in Fig. 3b, even though
the QBO is in its easterly phase. This may be due to the aver-
aging kernels used here. This can be explained by analyzing
the temperature anomalies shown in Fig. 2a, b. It can be seen
that during the second winter in Fig. 2a, positive temper-
ature anomalies are simulated in January-February-March,
rather than December-January-February, thereby showing a
weaker picture of the warm vortex in the geopotential height
anomalies. Similarly, the strengthening of the polar vor-
tex during the westerly QBO phase is not simulated dur-
ing the ﬁrst winter in Fig. 3a. Here, too, the cold tempera-
ture anomalies (Fig. 2a) during the ﬁrst winter occurs dur-
ing the October-November-December months, rather than
December-January-February months. Also, it has to be noted
thatherewetrytosimulateoneeventratherthancalculatethe
composites of several cases as is carried out in the previous
modeling/observational studies (Holton and Tan, 1980; Ni-
wano and Takahashi, 1998; Calvo et al., 2007). Hence, the
vortex is highly sensitive to the winter months selected and
the dynamics of the vortex is non-linear.
3.2 Differences in the climate response to volcanic
aerosol forcing in QBO and QBO phases
3.2.1 Lower stratospheric temperature response
Figure 4 shows the 30hPa temperature response when the
aerosol forcing, El Ni˜ no and QBO effects are included for
two years following the eruption. The difference between
Fig. 4a and b is that the former has the opposite QBO phase
and the latter has the observed phase as shown by the color
bars given at the bottom of the ﬁgure. Here, the anomalies
within the 1K contour interval in the latitudinal band of 60N
and 60S is statistically signiﬁcant at >95% conﬁdence level
(not shown). The effects due to the contrasting QBO phases
are clearly evident. A cooling of about 1–2K is only visible
after June 1992 in (a), and only until October 1991 in (b) in
the latitudinal belt 10N–10S, and warmer temperatures are
seen in the subtropics. This dual peak with a relative max-
imum in the subtropics and minimum at the equator during
the easterly phase of the QBO is well simulated by both ex-
periments. Strong positive anomalies are simulated around
30N in both the experiments in January-February-March’92
and this may be due to enhancement of vertical wave prop-
agation during El Ni˜ no events as shown in the part-1 of this
paper (Thomas et al., 2009).
As mentioned in Sect. 3.1.1, below normal temperature
anomalies are exhibited in the pure QBO response during
the westerly phase of the QBO in Northern Hemisphere
(NH) winter during the months of October-November-
December in the polar latitudes in Fig. 2a and dur-
ing November–December as in Fig. 2b. This cooling
is more prominent during the westerly phases in AOQ
where statistically signiﬁcant (signiﬁcant at 90% level)
cooling is persistent over October-November-December,
whereas the cooling is not signiﬁcant and is conﬁned
to November–December in AOQ. Signiﬁcant above nor-
mal temperatures occurs north of 60N during the east-
erly phases of QBO in December-January-February-March
months (December-January-February-March’1991/1992 in
Fig. 4b and December-January-February-March’1992/1993
in Fig. 4a) and may be associated with a warm and weak
polar vortex. These anomalies are statistically signiﬁcant at
90% signiﬁcance level (not shown). Hence, when one com-
pares these results with the pure QBO temperature responses,
it can be seen that the strong anomalies in the high latitudes
are ampliﬁed by the complex forcing by aerosols, QBO and
SSTs.
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Fig. 5. Geopotential height anomalies (m) for (a) AOQ: DJF 1991/1992 (b) AOQ: DJF 1992/1993, when the opposite QBO phase is
prescribed and for (c) AOQ: DJF 1991/1992 and (d) AOQ: DJF 1992/1993, when the observed QBO phase is prescribed. The shading
denotes two levels (95% and 90%) of statistical signiﬁcance in the order of lighter shading. Contours are at 20m intervals up to 100m and
then the intervals are at 40m. The projection spans from 10N to 90N latitudinally.
3.2.2 30hPa geopotential height response
The geopotential height anomalies at 30hPa for the two win-
ters following the eruption are shown in Fig. 5a, b in AOQ
and in Fig. 5c, d in AOQ runs. The anomalies in AOQ dur-
ing the winters of 1991/1992 and 1992/1993 exhibit a wave
number one pattern with positive anomalies over northern
Paciﬁc, Canada, Alaska and Siberia and negative anomalies
over north western Europe and North Atlantic. The geopo-
tential height anomalies reach as low as −100m and as high
as 180–220m. There are no notable differences between the
anomalies of the two winters in the AOQ experiments ex-
cept that the anomalies in the second winter following the
eruption are relatively larger than in the ﬁrst winter. As men-
tioned before, the westerly phase of the QBO favors a strong
polar vortex. But, in AOQ, the westerly phase occurs during
the El Ni˜ no winter, which in turn, disturbs the polar vortex
due to the increased vertical propagation of waves. However,
a closer look into the corresponding temperature anomalies
north of 60N in Fig. 4a, b shows statistically signiﬁcant neg-
ative temperature anomalies in November–December 1991
during the westerly QBO phase which can be related to a
strongandcoldpolarvortex, andadisturbedvortexthereafter
in January–February. Hence, the negative anomaly in Fig. 5a
which is averaged over the negative and positive anomalies
occurring in December-January-February, is not signiﬁcant.
The responses to the combined forcings that includes the
observed QBO phase are shown in Fig. 5c, d. The anomaly
pattern in Fig. 5c is similar to Fig. 5a, irrespective of the
QBO phases. This can be also seen in the corresponding
temperature anomalies during the ﬁrst winters (Fig. 4a, b)
that indicates strong positive temperature anomalies during
the January-February-March months that can be related to
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a weak, warm polar vortex irrespective of the QBO phases.
This may be due to the fact that the effects of the 1991/1992
El Ni˜ no override the inﬂuence of the QBO. However, the
model simulates a strong polar vortex in the second win-
ter with a large center of low geopotential height anomalies
over the Arctic polar cap, Greenland and north eastern Eu-
rope and Siberia in AOQ when the QBO is in the westerly
phase. Hence, in general, our analysis supports the studies
by Holton and Tan (1980, 1982).
4 Conclusions
The sensitivity of the climate impact of the Mt. Pinatubo
eruption to the different QBO phases is investigated.
Mt. Pinatubo erupted during the easterly phase of the QBO
andthephasechangetookplace14monthsaftertheeruption.
Here, two cases are considered: ﬁrstly, the observed QBO of
June 1991 to May 1993 when the Mt. Pinatubo eruption in-
ﬂuenced the climate, and secondly, the QBO of June 1975
to May 1977, which is highly anti-correlated to the ﬁrst one
and hence, represents here the QBO in opposite phase. Addi-
tionally, the pure QBO experiments are also evaluated to see
whether the model can simulate the tropical and extratropical
responses as well. Our results can be summarized as follows:
(1) The individual QBO (when observed QBO phase is
included) and QBO responses in the lower stratospheric tem-
perature at 30hPa show a dual peak with cooling along the
equator and warming over the subtropics associated with the
easterly phase of the QBO and the opposite is shown during
the westerly QBO phase. This is in agreement with previous
studies. The similar tropical signature is also evident in the
combined responses.
(2) The responses of QBO show negative geopotential
height anomalies centered over northern North America and
Greenland in both winters, irrespective of the QBO phase
change. The strengthening of the polar vortex during the
westerly QBO phase is not evident in the ﬁrst winter in
this case. This may be due to months selected for aver-
aging. Study by Calvo et al. (2007) show a strengthen-
ing of the polar vortex in the westerly QBO phases in the
December–January composites. The temperature anoma-
lies in the pure QBO response show colder anomalies dur-
ing October-November-December months and not during the
December-January-February months considered for averag-
ing. The model simulates a warm and weak polar vortex in
the ﬁrst winter and the vortex is disturbed in the second win-
ter when the observed QBO phase is prescribed.
(3) Below normal temperature anomalies are exhib-
ited north of 60N during the westerly QBO phases in
October-November-December’1991 months in AOQ and in
November–December’1992 in AOQ. This may be associ-
ated with the strengthening of the polar vortex in agreement
with previous studies. These anomalies are also obvious in
the westerly phases in the pure QBO responses, except that
the anomalies in the pure responses are weaker.
(4) The simulated vortex is weak and shifted over north-
ern Europe in the combined AOQ response irrespective of
the QBO phases in the ﬁrst winters (December-January-
February averaged). Similar response is also evident in the
temperature anomalies north of 60N during the months of
January-February-March’1992. This may be because of the
increased vertical wave activity during El Ni˜ no winters mak-
ing the vortex much weaker. However, the model simulates a
strong polar vortex during the second winter when the QBO
is in its westerly phase in the AOQ experiment and El Ni˜ no
is no longer active.
Our results show that the climate response after explo-
sive tropical eruptions is signiﬁcantly modulated by the QBO
phase. Major differences owing to the QBO phase are appar-
ent in the tropics and extratropics in the lower stratosphere
temperature response. This study also shows that the model
has a tendency to simulate a strong polar vortex during the
westerly QBO phase and vice versa. The use of prescribed
aerosol and nudged QBO in this study restricts the under-
standing of the effects of the different QBO phases on the
transport and mixing of the aerosols. However, studies will
be carried out to investigate the effect of aerosols on the
QBO.
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